Cardiovascular disease is increased up to 30-fold in patients with chronic renal failure (CRF) compared with the general population, and morbidity and mortality rates rise even in the initial stages of the disease. 1, 2 In particular, a high incidence of atherosclerosis occurs in CRF patients with uremia, but the pathogenic events that contribute to uremic atherosclerosis are poorly understood. 3 Modified LDLs have been suggested to be strong atherogenic factors. 4, 5 Oxidized LDL (oxLDL), the most recognized modified LDL, has been recently shown to be elevated in uremic patients 6, 7 ; however, it was not always associated with cardiovascular disease. 8 Recently, it was shown that elevated urea directly induces the formation of potentially atherogenic carbamylated LDL (cLDL). 9, 10 Using a new ELISA assay, we recently confirmed that cLDL is significantly elevated in the plasma of uremic patients. 11 The carbamylation of LDL occurs by spontaneous, nonenzymatic chemical modification of apolipoprotein B, the protein component of LDL, by isocyanic acid derived from urea. An alternative myeloperoxidase-mediated mechanism of LDL carbamylation has been suggested by Wang et al., 12 who also observed a correlation between total plasma protein carbamylation and the incidence of cardiovascular disease in nonuremic patients. cLDL promotes several biologic processes in vitro that are regarded as pro-atherogenic, including vascular smooth muscle cell proliferation, monocyte adhesion to endothelial cells, 13, 14 and endothelial cell cytotoxicity. 9, 15, 16 However, experimental evidence showing a pro-atherogenic effect of cLDL in vivo is lacking. To obtain this critical evidence, we established two mouse models of elevated plasma urea using (1) a standard model of surgical kidney reduction that mimics CRF in humans 17 and (2) a newly developed, urea consumption (UC) model that elevates plasma urea independently of renal failure. To validate both uremic models, basic renal parameters were assessed weekly. Blood urea nitrogen (BUN) was stably elevated in CRF and urea-consuming (ϩUC) mice compared with control sham-operated (Sham) and non-urea-consuming (ϪUC) mice for at least 12 weeks (Supplement Figure 1 , A and B). CRF and Sham animals fed a high-fat diet (HFD) showed elevated BUN that did not differ from their counterparts fed regular chow (Chow; Figure 1A ). Both HFDand Chow-fed CRF mice showed elevated plasma creatinine ( Figure 1B) . The HFD resulted in elevated serum cholesterol and triglycerides, although the latter value was not significantly elevated compared with Chow-fed mice (Supplement Figure 1 , C and D). In ϩUC mice, BUN was stably elevated compared with ϪUC mice ( Figure 1C) . Notably, creatinine was not elevated in either animal group of the UC model ( Figure 1D ). Total cholesterol and triglycerides were significantly higher in control or ϩUC mice supplemented with the HFD (Supplement Figure 1 , E and F).
Total plasma protein carbamylation was markedly (2.2 to 3.8 times) increased in the CRF and ϩUC mice compared with respective controls (Supplement Figure 1 , G and H). In contrast, total plasma protein oxidation was not statistically different between experimental mice and respective controls fed Chow or HFD, and there was only a tendency for values to increase in mice with high plasma urea (Supplement Figure 1 , I and J).
Next, cLDL and oxLDL were assessed in both uremic models. CRF mice on HFD showed elevated oxLDL and cLDL, but only elevated oxLDL was observed in CRF mice on Chow (Figure 1, E and F) . ϩUC mice on HFD showed a significant difference in plasma cLDL, whereas oxLDL failed to increase significantly despite the high levels of plasma BUN (Figure 1, G and H) . The increased cLDL in experimental mice was also confirmed by increased relative electrophoretic mobility and Western blotting using an anti-cLDL antibody (Supplement Figure 2) . Therefore, our results indicated that oxLDL was either unchanged or elevated in response to the HFD and regardless of uremia, whereas cLDL was elevated specifically in the uremic mice on HFD.
We next determined whether the uremic mice on HFD with elevated plasma cLDL had more atherosclerosis and functional cardiovascular disorders than control animals. Intravital ultrasound echography (IUE) determined significant vascular changes that are specific for atherosclerosis ( Figure 2) . To verify the intravital findings, the en face Sudan IV staining of aortas (arch and descending part) was performed 12 weeks after the start of diets. Our results suggested that both uremic model mice on HFD had significantly more atherosclerotic lesions than control mice on HFD ( Figure 3 , A-C). The animals fed with a Chow diet did not have any substantial atherosclerotic lesions, regardless of uremia. The Oil red O-stained cryosections of ascending aortas confirmed the en face staining data by showing a significant increase of lipid deposits in aorta and decrease of aortic lumen area in uremic mice compared with control mice (Figure 3 , D-F). Therefore, our data suggest that mice with elevated plasma urea have increased cLDLs and developed the most of the atherosclerosis regardless of whether they had chronic renal failure. Hence, elevated urea seems to be accountable for both cLDL elevation and exacerbation of atherosclerosis in uremia. . CRF (A) and UC (B and C) mice develop atherosclerotic lesions in aorta as visualized by intravital ultrasound echography using VisualSonics Vevo 770. Quantification of echo-positive lipid deposits, blood velocity, and aortic wall elasticity measurements in abdominal aortas was performed by B-mode, Doppler mode, and M-mode, respectively. As showed by B-mode and M-mode, both CRF and ϩUC animals fed with HFD had higher wall densities in the aorta, which may be qualified as lipid deposits. Additionally, these animals had intravascular, echo-positive masses that narrowed the aortic lumen as detected by B-mode and changed blood flow in abdominal aorta as detected by Doppler mode. The elasticity of the abdominal aorta, i.e., the movement of aortic wall between the systole and diastole, was significantly changed as measured by M-mode. Similarly to abdominal aorta, aortic arch and major arteries showed intravital structural and hemodynamic changes that reflect significant vascular system remodeling toward atherosclerosis (Supplement Figure 3) . n ϭ 6 to 16 per group. *P Ͻ 0.05 compared with sham or ϪUC control mice fed with HF diet; #P Ͻ 0.05 compared with CRF or ϩUC mice fed with chow diet.
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Next, cLDL in aortic cryosections was assayed using a polyclonal cLDL antibody. This immunostaining showed that cLDL in the aortas of CRF and ϩUC mice fed HFD was substantially increased compared with controls ( Figure 4A ). Most cLDL was concentrated in atherosclerotic plaques and throughout the aortic wall around subintimal areas and in the adventitial layer. All sham-operated and ϪUC mice fed HFD, as well as all CRF and ϩUC mice fed Chow, had little or no cLDL in their aortic walls and plaques. Therefore, our data showed that cLDLpositive atherosclerosis lesions are extensively prevalent in mice with the highest plasma cLDL compared with all other groups.
Our previous studies showed various effects of cLDL on endothelial cells in vitro, suggesting its pro-atherosclerosis properties. 9, [13] [14] [15] [16] Among those, the role of the intercellular adhesion molecule 1 (ICAM-1) and monocyte adhesion by endothelium were most prominent and, in some conditions, exceeded those induced by oxLDL. 13 To test whether ICAM-1 overexpression and macrophage housing occurred in vivo as a result of uremic atherosclerosis associated with LDL carbamylation, the aortic samples were simultaneously stained for cLDL and for ICAM-1 or CD68, respectively. Our data showed that ICAM-1 protein expression was significantly higher in CRF and ϩUC mice fed HFD compared with all controls ( Figure 4B ). In addition, both CRF and ϩUC mice exhibited higher quantities of housed macrophages ( Figure 4C ). Interestingly, although both ICAM-1 and macrophages were located in close proximity to cLDL deposits, the latter were not always colocalized with macrophages and often were found in vascular intima around plaques. These data suggested that ICAM-1 overexpression and extensive macrophage housing are associated with cLDLmediated atherosclerosis in vivo.
Our study showed for the first time that elevated plasma cLDL induced by chronic elevation of plasma urea in apolipoprotein E Ϫ/Ϫ mice is associated with the accelerated progression of atherosclerosis in the absence of elevated plasma concentrations of oxLDL. The CRF model results were in strong agreement with the data on uremic atherosclerosis development in CRF models reported by others. 18, 19 However, because CRF is a complex model, the atherogenic role of other "uremic toxins" cannot be excluded. Our new UC model allowed us to narrow down the existent chronic uremia model to the effects of elevated urea, a major source of cyanate and protein carbamylation. 10 Our data suggest that cLDL, but not oxLDL, is directly produced in presence of elevated plasma urea, which accelerates atherogenesis in the absence of other factors and toxins produced by CRF. Because the UC model data were similar to the CRF model for atherosclerosis development, this may indicate that elevated urea or its metabolites are direct atherogenic factors. We can speculate that cLDL could be the factor that contributes to uremiainduced atherogenesis because high cholesterol-controlling and high urea-controlling groups did not show similar atherosclerotic lesions.
Finally, for the first time, cLDL was detected and quantified in the aortic wall and atherosclerotic lesions using a highly specific cLDL antibody. 11 Wang et al. 12 reported carbamylated proteins in atherosclerotic plaques that mainly colocalized with macrophages. Our findings suggest that cLDL may compose one of these carbamylated proteins, and the majority of it is likely to derive from urea, not thiocyanate, as suggested by Wang et al. We also observed colocalization of cLDL and macrophages and detected cLDL accumulation in macrophage-free zones of intima and plaques. The latter finding may relate to our previous in vitro and in vivo findings showing the high capacity of cLDL for internalization and accumulation by endothelium, followed by endothelial transcytosis. 14 This high affinity of vascular endothelium to cLDL may explain the abnormal cLDL metabolism reported by Gonen et al. and Horkko et al. 20, 21 We also showed a significant increase of ICAM-1 on the aorta's endothelial surface in experimental mice with the highest plasma cLDL. Our previous data established strong links between cLDL, expression of ICAM-1, and monocyte adhesion and showed that ICAM-1 is more relevant to cLDL than to other LDLs. 13 Therefore, our current in vivo data confirm our previous results obtained in vitro and verify that ICAM-1 is involved in cLDL atherogenesis. In conclusion, our findings provide initial in vivo evidence to implicate cLDL resulted from elevated urea as an independent pathogenic factor for uremiainduced atherosclerosis.
CONCISE METHODS

Animals and Surgical Procedures
All animal experiments were approved by the Animal Care and Use Committee of the Central Arkansas Veterans Healthcare System. Mice were fed ad libitum either a regular chow diet (5.7% fat, 18.9% protein, 72.3% carbohydrates; Harlan Teklad diet) or a HFD (21% total fat, 0.15% cholesterol; Harlan Teklad diet).
The CRF model was established in 8-week-old male B6.129P2-apolipoprotein E tm1Unc/J mice (background C57BL/6, Jackson Lab 002052) using a two-step surgery described by Gagnon et al. 17 First, approximately 80% of the right kidney surface was electrocoagulated, avoiding areas adjacent to the ureter, blood vessels, and adrenal gland. Two weeks later, the left kidney was removed using the same anesthesia. Control mice received sham operations. The UC model was initiated in 10-week-old male mice. The animals were subjected to left-sided unilateral nephrectomy (UNX) under anesthesia. 19, 22 One week later, the experimental mice were provided drinking water containing 20 mg/ml urea for 12 weeks, whereas the control mice were supplied with urea-free water. Although UNX without urea (ϪUC) did not affect renal function, the supplementation of UNX mice with 2% urea (ϩUC) in drinking water yielded plasma urea concentrations similar to the CRF model. These results allowed for comparison between the two models.
IUE
The development of atherosclerosis in mice was monitored by an independent person blinded to the treatment. Animals were anesthetized by isoflurane inhalation (2.0 to 2.5%, 1.5 L/min oxygen) and similarly maintained (1.5 to 1.75% isoflurane, 1 L/min oxygen). After fur removal, animals were immobilized on a warming table and connected to electrodes to monitor cardiac ECG and respiration. IUE was performed using VisualSonics Vevo 770 23 using the probes RMV707B-231 (30 MHz) and RMV704 -215 (40 MHz) to visualize the aortic arch and abdominal aorta, respectively. The ascending aorta, aortic arch, and its major branches were visualized from a right parasternal long-axis view with the ultrasound probe offset 120 to 140°from animal's frontal surface. Blood flow and velocity were measured in the left common carotid artery 0.8 to 10 mm from the aortic arch using Doppler ultrasound. The abdominal aorta was visualized by longitudinal access using Bmode and M-mode. For quantification of blood flow and velocity, the Doppler mode was applied to the lower abdominal aorta (2 mm below renal arteries) using longitudinal access with the same ultrasound probe oriented at a 45 to 55°angle, sagittally.
Measurements of aortic wall echocontrast were performed at three locations: (1) the aortic arch, (2) the major aortic arch branches, and (3) the abdominal aorta (crosssectional view between the celiac artery and iliac bifurcation). Three consecutive, 5-second cines were captured and saved for the anatomic and hemodynamic quantification at each site using a cardiovascular algorithm provided by VisualSonics. Measurements were obtained during at least three diastolic periods free of breathing movement. Aortic atherosclerotic lesions, including fatty streaks and plaques, were visualized by B-mode (plain, two-dimensional analysis of a single scan) as focal wall thickening. Aortic wall elasticity was measured as movement of the aortic wall during five cardiac cycles.
Blood Collection and Measurements
At the end of the experiment, mice were euthanized, and blood (approximately 1 ml) was collected by left ventricular puncture using a syringe containing 0.2 mol EDTA. Creatinine, urea, total cholesterol, and triglycerides were measured by commercial kinetic assays (International Bioanalytical Industries, Boca Raton, FL) using a Synergy-HTI plate reader (BioTek, Winooski, VT). Plasma cLDL measurements, LDL electrophoresis, and Western blotting were performed as described earlier. 11 oxLDL measurements were performed using a commercial kit (Mercodia, Uppsala, Sweden). Assays were validated for mouse plasma before use. Total plasma protein carbamylation was assayed using diacetyl monoxime, 24 and total plasma protein oxidation was measured by the thiobarbituric acid assay. 25 
Evaluation of Aortic Atherosclerosis En Face
The cardiovascular system of the euthanized mouse was flushed with PBS and perfused with 10% buffered formalin (3 to 4 ml). The ascending aorta, aortic arch, and descending aorta, as well as innominate and common carotid arteries, were removed to the bifurcation of the abdominal aorta. Macroscopic morphometric analysis of aortic fatty deposits (index of atherosclerotic lesion formation) were made with Sudan IV as described previously. 26 
Histology and Quantitative Immunohistochemistry
A 3-mm length of ascending aorta (2 to 3 mm proximal to the brachiocephalic artery) was removed, cryosected into 5-m sections, and assayed for fatty deposits by Oil red O staining and for cLDL, ICAM-1, or CD68 by immunohistological staining. 16 
Statistical Analysis
Continuous measures were evaluated for normality, and if marked deviations existed, transformations were done. Parametrical results were expressed as the mean Ϯ SE. Significant differences in mean values between groups were examined with t test and an ANOVA, or, if the ANOVA assumptions were not fulfilled, the Mann-Whitney nonparametric test was used (SPSS 13.0 for Windows; SPSS, Chicago, IL). A value of P Ͻ 0.05 was considered statistically significant.
